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Abstract 

The  discharge  behaviour  of  Mg2Ni-typc  hydrogen-storage  alloy  electrodes  in  6  M  KOH  is  investigated  by  a.c.  impedance  at  room 
temperature.  Comparative  measurements  are  also  performed  on  an  LaNis  electrode.  The  rale-determining  step  of  the  discharge  process  for  the 
magnesium-based  hydrogen-storage  alloy  electrode  is  dependent  on  the  alloy  composition  and  depth-of-discharge.  The  unmodified  Mg2Ni 
has  a  high  charge-transfer  and  mass-transfer  resistance  compared  with  LaNis.  Additions  of  yttrium  and  aluminium  in  MgzNi  reduced 
considerably  both  the  resistances  and,  thereby,  produce  a  remarkable  improvement  in  discharge  capacity  and  rate-dischargeability. 
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1.  Introduction 

Although  many  studies  have  been  made  [  1-1 1  ]  of  the 
ability  of  magnesium-based  alloys  to  absorb  hydrogen  in  the 
gas  phase,  very  few  investigations  have  dealt  with  the  elec¬ 
trochemical  properties  of  these  systems.  More  recently,  it  has 
been  found  [12-14]  that  modified  Mg2Ni-type  alloy  can 
undergo  hydriding/de-hydriding  in  an  alkaline  solution  at 
ambient  temperature.  The  electrochemical  capacity  of  this 
alloy  is  still  less  than  that  of  LaNi5  and  Ti2Ni  alloys,  although 
the  gaseous  capacity  of  the  former  is  much  more  than  that  of 
the  latter  [  15-20].  In  addition,  the  rate-dischargeability  of 
magnesium-based  alloys  is  unsatisfactory. 

Electrochemical  impedance  spectroscopy  (EIS)  is  a  pow¬ 
erful  method  for  understanding  interface  processes  and  elec¬ 
trode  behaviour  [21-23] .  Recently,  Kuriyamaet  al.  [24-26] 
applied  EIS  to  characterize  Mm-based  alloy  hydride  elec¬ 
trodes  and  to  study  the  deterioration  behaviour  of  these  elec¬ 
trodes.  They  proposed  [26]  that  the  deterioration  of  a 
metal-hydride  electrode  using  copper-coated  alloy  powder 
was  caused  by  passivation  of  the  alloy  surface  only,  while 
the  performance  of  an  electrode  using  uncoated  alloy  was 
dominated  by  an  increase  in  the  contact  resistance. 

In  a  previous  paper  [13],  we  reported  that  the  electro¬ 
chemical  capacity  and  the  rate  capacity  of  Mg2Ni  alloy  in  6 
M  KOH  solution  were  considerably  improved  by  the  addition 
of  yttrium  and  aluminium.  The  purpose  of  this  work  is  to 
study  the  electrochemical  behaviour  of  Mg2Ni-type  alloy 

0378-7753/96/ $15. 00  ©  1996  Elsevier  Science  S.A.  AM  rights  reserved 
/>//S03?8-7753<  96)02473-1 


electrodes  by  using  EIS,  and  compare  this  behaviour  with 
that  of  LaNi5  alloy  electrodes. 

2.  Experimental 

2. 1 .  A  Hoy  preparation 

Mg2Ni  and  Mg,  yAlo  ,Ni09Y0 ,  alloys  were  prepared  by  the 
conventional  powder  metallurgical  technique  described  pre¬ 
viously  1 1 2,13] .  The  LaNis  alloy  was  made  using  a  vacuum 
arc  furnace  under  argon  protection.  The  buttons  were  turned 
over  and  remelted  for  several  times  to  ensure  homogeneity. 
Subsequently,  the  obtained  LaNi,  buttons  were  annealed  for 
five  days  in  argon  atmosphere  at  1050  °C. 

2.2.  Electrode  fabrication 

The  alloy  buttons  were  mechanically  ground  to  powders. 
After  pulverisation,  the  sieved  alloy  powders  of  less  than  400 
mesh  were  mixed  with  20  wt.%  TAB-3  (Teflon  acetylene 
black  composite  binder ) .  The  electrodes  were  fabricated  by 
pressing  this  powder  mixture  onto  both  sides  of  a  foam  nickel 
sheet  (2  cm  X  3.5  cm)  that  was  connected  to  a  nickel  wire 
by  spot  welding. 

2.3.  Charge/discharge  procedures 

Charge /discharge  cycles  were  carried  out  at  ambient  tem¬ 
perature  by  using  an  automatic  galvanostatic  charge/dis- 
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charge  controller  (DEC-1 ).  The  test  data  were  recorded  by 
a  Macintosh  computer  with  a  MacLab/ 8  analog /digital  inter¬ 
face.  The  electrodes  were  charged  to  gassing  voltage,  rested 
for  30  min,  and  then  discharged  galvanostatically  to  -  0.50 
V  versus  a  Hg/HgO  reference  electrode. 

2.4.  Electrochemical  measurements 

The  electrochemical  measurements  were  performed  in  a 
double  compartment  cell  in  which  the  hydrogen -storage  alloy 
working  electrode  was  separated  from  the  counter  electrode 
by  a  porous  frit.  A  foam  nickel  sheet  (7  cmX20  mm)  was 
used  as  a  counter  electrode  and  a  Hg/HgO  electrode  as  a 
reference  electrode.  The  electrolyte  used  was  6  M  KOH  solu¬ 
tion.  The  electrochemical  impedance  spectra  were  measured 
using  an  EG&G  Princeton  Applied  Research  electrochemical 
impedance  analyser  Model  631 0  driven  by  a  Model  398  elec¬ 
trochemical  impedance  software  (v.1.23)  with  an  IBM-PC 
486  computer.  The  a.c.  amplitude  was  5  mV,  and  frequency 
range  studied  was  between  5  mHz  and  5  kHz.  The  impedance 
measurements  were  conducted  at  different  depth  s-of-dis- 
charge  (DOD)  and  at  ambient  temperature. 


3.  Results  and  discussion 

3. 1.  Charge/discharge  characteristics 

The  comparison  of  electrode  charge /discharge  character¬ 
istics  for  Mg2Ni-type  alloys,  and  an  LaNis  alloy  is  given  in 
Table  1.  The  discharge  capacity  of  unmodified  Mg2Ni  alloy 
electrode  is  only  8  mAh  g  1  which  is  almost  negligible  com¬ 
pared  with  its  theoretically  electrochemical  capacity  [12J. 
Tire  aluminium  and  yttrium  additive  Mg2Ni-type  alloy. 
Mg]  9Alo  ,Ni0yY0 ,,  however,  has  a  much  higher  discharge 
capacity,  viz.,  150  mAh  g  ' 1 .  This  indicates  that  the  electrode 
behaviour  of  the  Mg2Ni  alloy  electrode  is  improved  signifi¬ 
cantly  by  the  substitution  of  alloy  elements.  The  reasons  for 
this  have  been  subjected  to  a  preliminary  investigation  by  a 
linear  polarization  technique  [13].  Although  the  rate-dis¬ 
chargeability  of  magnesium-based  alloys  is  effectively 
improved  by  the  addition  of  aluminium  and  yttrium,  it  is  still 

Table  I 

Comparison  of  electrode  characteristics 

Alloy  Discharge  capacity  Rate-dischargeability 

C5*  C2 oa 

(mAh  g-1)  (mAh  g" l)  * 


Mg,Ni 

8 

MgnAlo  |Ni0i)Yo, 

150 

104 

69 

Ti2Ni 

171 

163 

95 

LaNi, 

336 

327 

97 

*  C  refers  to  the  discharge  capacity  at  a  discharge  current  density  of  n  mA 
g'*- 


much  lower  than  that  of  LaNi5  and  Ti2Ni  alloys.  In  order  to 
understand  the  de-hydriding  kinetics  of  magnesium-based 
alloys  in  an  alkaline  solution  and  the  effects  of  aluminium 
and  yttrium  additives  on  the  electrochemical  behaviour,  the 
EIS  of  magnesium-based  alloy  electrodes  have  been  meas¬ 
ured.  The  EIS  results  for  these  electrodes  are  compared  with 
those  of  LaNi5  electrode. 

3.2.  Electrochemical  impedance  spectra 

In  alkaline  solutions,  the  overall  reactions  of  hydrogen- 
storage  alloy  electrodes  during  charge  and  discharge  are  as 
follows: 

(i)  solid-liquid  interface  reaction 

H20  +  M  +  <T  «  MHad  +  OH"  (1) 

*-  discharge 

( ii )  solid-state  reaction 

charge  -• 

MHad  «•  (2) 

«-  discharge 

When  charging,  hydrogen  is  generated  by  electrolyzing 
water  according  to  reaction  ( 1 ) ,  and  absorbs  at  the  electrode 
surface  in  a  highly  active  atomic  state.  Then,  it  diffuses  into 
the  lattice  positions  of  metal  phases  to  form  a  metal  hydride 
as  expressed  by  reaction  (2).  During  discharging,  the  atomic 
hydrogen  diffuses  from  the  lattice  position  in  the  alloy  to  the 
metal /electrolyte  interface.  The  hydrogen  atom  is  oxidized 
at  this  interface.  It  should  be  noted  that  atomic  hydrogen  is 
supplied  directly  by  electrolyzing  on  the  electrode  surface, 
rather  than  dissociating  into  hydrogen  atoms  from  hydrogen 
molecule  as  hydriding  in  gaseous  phase. 

Typical  Nyquist,  Bode-modulus  and  Bode-phase  plots  for 
an  Mg2Ni  electrode  for  various  DODs  at  room  temperature 
are  shown  in  Figs.  1-3,  respectively.  As  seen  in  the  Nyquist 
plot  (Fig.  1 ) ,  the  loci  are  composed  of  a  distorted  capacitive 
semi-circular  arc  at  high  frequencies  and  a  midly  curved  line 
at  low  frequencies.  The  former  is  considered  to  be  due  to  a 


Fig.  I.  Nyquist  plots  for  Mg?NiH,  vs.  6  M  KOH  at  various  DODs.  The 
figure  inset  on  the  left-above  is  a  magnified  plot  for  the  high-frequency  data. 
A:  5%  DOD;  B:  20%  DOD;  C;  70%  DOD,  and  D:  90%  DOD. 
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Fig.  2.  Bode-modulus  plots  for  Mg2NiH(  vs.  6  M  KOH  at  various  DODs.  A: 
5%  DOD;  B:  20%  DOD;  C:  70%  DOD,  and  D:  90%  DOD 


charge-transfer  process  at  the  electrode/ electrolyte  interface, 
as  shown  in  Hq.  (1),  while  the  latter  results  from  mass- 
tTansfer  effects  and  is  called  the  Warburg  impedance.  For  the 
hydriding/de-hydriding  reaction  in  an  alkaline  solution,  the 
mass-transfer  process  generally  includes  the  diffusion  of  H, 
OH  and  H20.  Because  the  diffusivity  of  OH  and  H,0  in 
the  alkaline  solution  is  much  larger  than  that  of  hydrogen 
atoms  in  the  solid  phases  (hydrides,  alloys  or  oxides),  the 
diffusion  of  hydrogen  atoms  in  solid  phases  is  considered  to 
be  mainly  responsible  for  the  mass- transfer  effects  of  the 
metal-hydride  electrodes. 

The  impedance  analysis  was  carried  out  by  using  the  Ran- 
dlcs-Ershler  equivalent  circuit  model  (Fig.  4),  in  which  an 
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Fig.  4.  Randles-Ershler  equivalent  circuit  model  to  represent  the  tnterfacial 
impedance  for  dchydriding  reaction  of  the  hydrogen-storage  alloy  electrode 
in  6  M  KOH  solution. 


ohmic  resistance,  R%,  is  in  series  with  a  parallel  combination 
of  the  double-layer  capacitance,  C„,  and  the  charge-transfer 
resistance,  Rx,  which  is  a  series  combination  of  the  Warburg 
impedance  Zw.  As  found  in  Fig.  1,  an  increase  in  i?s  with 
increasing  DOD  is  displayed  by  the  Mg2Ni  hydride  electrode. 
It  is  believed  that  this  behaviour  is  associated  with  the  for¬ 
mation  and  growth  of  the  oxide  and/or  layer  on  the  alloy 
surface. 

Analysis  of  the  EIS  data  (Figs.  1-3)  reveals  that  the  elec¬ 
trode  kinetics  change  with  DOD.  At  the  initial  stage  of  dis¬ 
charge  (DOD =5%),  as  seen  on  the  locus  A  in  Fig.  1,  both 
a  partially  resolved  semi-circle  locus  at  high  frequencies  and 
a  linear  impedance  locus  at  low  frequencies  are  observed, 
and  neither  of  them  is  negligible.  This  indicates  that  the  dis¬ 
charging  process  of  the  Mg2Ni  hydride  electrode  is  dictated 
by  both  the  charge-transfer  process  at  the  clectrode/electro- 
lyte  interface  and  the  diffusion  of  hydrogen  atoms  in  the  alloy. 
The  Warburg  impedance  region  (originating  from  atomic 
hydrogen  diffusion  in  the  electrode)  increases  appreciably 
with  increasing  DOD.  This  is  due  to  the  fact  that  the  concen¬ 
tration  of  hydrogen  in  the  metal-hydride  electrodes  decreases 
with  increase  in  the  DOD,  and  lower  concentrations  could 
increase  the  mass-transfer  impedance  [27] .  When  the  DOD 
increases  to  or  beyond  70%,  the  absence  of  a  semi-circle  in 
the  complex-plane  reveals  a  fast  charge-transfer  process  and 
slow  diffusion  for  hydrogen  in  the  alloy  at  this  stage.  Thus, 
the  controlling-step  of  the  discharge  process  for  an  Mg2Ni 
electrode  changes  with  DOD,  from  a  mixed  rate-determining 
process  at  the  initial  discharging  stage  to  the  hydrogen  dif¬ 
fusion-controlled  reaction  at  the  final  discharging  stage. 

The  dependence  of  the  modulus  and  the  phase,  versus 
frequency  for  Mg2Ni  are  shown  in  Figs.  2  and  3,  respectively. 
The  modulus  increases  with  increasing  DOD  in  the  measured 
frequency  range,  and  decreases  when  the  frequency  is  ele¬ 
vated  at  a  given  DOD.  The  phase  angles  in  Fig.  3  seem  to  be 
associated  with  the  frequency  and  DOD. 

As  is  well  known,  LaNis  alloy  has  a  very  good  electro¬ 
chemical  hydriding/de-hydriding  performance  when  used  as 
a  metal-hydride  electrode  in  alkaline  solution.  For  the  pur¬ 
poses  of  comparison,  the  EIS  of  an  LaNis  electrode  was 
measured  at  various  DODs.  The  results  are  displayed  in 
Figs.  5-7.  At  the  initial  stage  of  discharging  (5%  DOD),  the 
loci  A  in  Fig.  5  is  composed  of  only  a  semi-circle  arc,  which 
differs  from  the  locus  A  in  Fig.  1  for  Mg2Ni.  The  linearregion 
at  low  frequencies  expressed  as  the  Warburg  impedance  was 
not  observed  for  LaNis  at  5%  DOD.  Therefore,  the  discharg¬ 
ing  process  of  the  LaNi5  hydride  electrode  is  believed  to  be 
controlled  by  the  charge  transfer  at  the  electrode/electrolyte 
interface  at  this  stage.  With  increasing  DOD,  the  semi-circle 
goes  off  into  a  Warburg  region.  This  indicates  that  the  War¬ 
burg  impedance  gradually  dominates  the  discharging  current. 
By  a  comparison  of  Fig.  2  with  Fig.  6,  it  is  noticed  that  at 
both  the  high-frequency  end  and  the  low-frequency  end,  the 
modulus  of  unmodified  Mg2Ni  is  one  order  of  magnitude 
higher  than  that  for  LaNi3  at  all  DODs.  The  values  of  modulus 
at  high  frequency  for  Mg2Ni  is  high  and  dependent  on  DOD, 
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Fig.  5.  Nyquist  plots  for  LaNi-.H,  vs.  6  M  KOH  at  different  DODs.  The 
figure  inset  on  the  left-above  is  a  magnified  plot  for  the  high-frequency  data. 
A:  5%  DOD;  B:  20%  DOD;  C:  70%  DOD.  and  D:  90%  DOD. 
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Fig.  6.  Bode-  modulus  plots  for  LaNi$H*  vs.  6  M  KOH  at  various  DODs.  A: 
5%  DOD;  B;  20%  DOD;  C:  70%  DOD,  and  D:  90%  DOD. 
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Fig.  7.  Bode-pha.se  plots  for  LaNijH,  vs.  6  M  KOH  at  various  DODs.  A:  5% 
DOD;  B  20%  DOD;  C:  70%  DOD.  and  D;  90%  DOD 


whilst  LaNi5  is  not.  This  confirms  the  previous  results  that 
the  oxide  layer  forms  and  grows  on  the  Mg2Ni  surface  with 
increasing  DOD  and,  thereby,  increases  the  electronic  resis¬ 
tance.  At  low  frequencies,  however,  it  can  be  seen  that  the 
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Fig.  8.  Nyquist  plots  for  Mg1.9AlojNio.9Yo.1H,  vs.  6  M  KOH  at  various 
DODs.  The  figure  inset  on  the  left-above  is  a  magnified  plot  for  the  high- 
frequency  data.  A:  5%  DOD;  B:  20%  DOD;  C:  70%  DOD,  and  D;  90% 
DOD. 
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Fig.  9.  Bode-modulus  plots  for  Mg,  ^Iq  ,Ni09Y0  ,H,vs.6M  KOH  at  various 
DODs.  A:  5%  DOD;  B:  20%  DOD;  C:  70%  DOD,  and  D:  90%  DOD. 

modulus  of  Mg2Ni,  even  at  5%  DOD,  is  still  larger  than  that 
of  LaNi3  at  90%  DOD.  These  results  explain  why  the  Mg2Ni 
electrode  has  a  very  low  discharge  capacity  and  sluggish 
kinetics. 

The  impedance  spectra  of  the  Mg2Ni  alloy  modified  by 
aluminium  and  yttrium  additions  are  shown  in  Figs.  8-10. 
The  results  in  Fig.  8  indicate  that  the  ohmic  resistance,  /?Si  for 
Mg1.9Alo.1Nio.9Yo.  1  is  much  smaller  compared  with  that  of 
Mg2Ni,  and  /?,  hardly  changes  with  DOD.  This  suggests  that 
the  addition  of  aluminium  in  the  alloy  improves  the  passi¬ 
vating  behaviour  of  the  Mg2Ni  alloy,  which  is  probably  sim¬ 
ilar  to  that  observed  with  Ti2Ni  systems  as  previously 
reported  [  17  ] .  It  can  also  be  seen  in  Fig.  8  that,  at  the  initial 
stage  of  discharging  (5%  DOD),  the  locus  A  is  a  semi-circle 
arc  at  all  measured  frequencies,  a  Warburg  impedance  region 
does  not  appear  at  low  frequencies.  This  seems  to  be  similar 
to  that  found  with  an  LaNi5  hydride  electrode  (Fig.  5) .  Con¬ 
sequently,  for  the  Mg1.9Alo1Nio.9Yo  1  hydride  electrode,  the 
rate-determining  step  at  5%  DOD  is  charge  transfer  at  the 
electrode /electrolyte  interface,  rather  than  the  mixed 
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Fig.  10.  Bode-phase  plots  for  .Mg1,1Al0,Nia*Y0.1Hl  vs.  6  M  KOH  at  various  FiE  12-  Randles  for  LaN'sH«  >s.  6  M  KOH  at  various  DODs.  A:  5% 
DODs.  A:  5 %  DOD;  B:  20%  DOD;  C:  70%  DOD,  and  D:  90%  DOD.  D0D;  B* 20%  D0D;  c- 70%  DOD‘- D- 90%  D0D 
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Fig.  11.  Randles  plots  for  Mg2NiK,  vs.  6  M  KOH  at  various  DODs,  A:  5% 
DOD;  B:  20%  DOD;  C:  70%  DOD.  and  D:  90%  DOD 

rate-determining  process  witnessed  with  unmodified  Mg2Ni. 
At  the  various  DOD,  the  modified  Mg2Ni  displays  a  lower 
charge-transfer  resistance  and  mass-transfer  resistance  than 
unmodified  Mg2Ni.  These  results  demonstrate  that  the  mod¬ 
ified  Mg2Ni  electrode  has  better  electrochemical  activity  for 
hydrogen  oxidization  at  the  surface  and  faster  hydrogen  dif¬ 
fusion  in  the  solid  phases.  Therefore,  additions  of  aluminium 
rind  yttrium  in  Mg2Ni  result  in  a  considerable  increase  in 
discharge  capacity  and  rate-dischargeablity. 

The  effect  of  mass  transfer  is  manifested  through  Warburg 
coefficient,  tr.  The  Randles  plots  for  various  alloy  hydride 
electrodes  are  shown  in  Figs.  11-13.  These  plots  provide 
further  evidence  for  a  low-frequency  Warburg  response.  The 
plots  also  show  that  the  experimentally  measured  Warburg 
coefficient,  cr  —  dZ'/dtu_I/2,  is  strongly  dependent  on  the 
electrode  materials  and  the  DOD.  The  DOD  dependence  of 
the  Warburg  coefficient,  a,  for  various  electrodes  is  given  in 
Fig.  14.  The  values  of  a  at  90%  DOD  for  unmodified  Mg2Ni 
(9.4  fl  s“,/2)  and  LaNis  (0.78  D  s_,/2)  differ  by  a  factor 
of  12.  This  can  be  explained  by  the  fact  that  the  activation 
energy  for  hydrogen  diffusion  is  460  meV  for  Mg2Ni  and  275 
meV  for  LaNis  [28,29].  The  diffusion  coefficient  can  be 
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Fig.  13.  Randles  plots  for  Mgi.*Alo  ,Ni0.9Yo.jH«/6M  KOH  at  various  DOD. 
A:  5%  DOD;  B:  20%  DOD;  C:  70%  DOD,  and  D:  90%  DOD. 
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Fig.  14.  DOD  vs.  Warburg  coefficient,  «r.  for  various  alloys.  A:  MgjNiH,; 
B:  LaNijH,.  and  C:  Mg,.vAlalNio.»Y0.,Ht. 
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expressed  as:  D  =  D0  exp(  — EJRT ),  where  Ea  is  the  acti¬ 
vation  energy  of  the  diffusion  reaction,  R  is  a  gas  constant, 
and  T  is  the  absolute  temperature.  Hence,  the  hydrogen  dif¬ 
fusion  in  Mg2Ni  is  expected  to  be  slower  than  that  in  LaNis. 
Moreover,  as  mentioned  above,  a  magnesium  oxide  and/ or 
hydroxide  layer  forms  and  grows  on  the  surface  of  the  elec¬ 
trode  with  increase  in  DOD,  which  may  also  block  hydrogen 
transfer  from  the  bulk  to  the  surface  for  discharging.  Thus, 
the  unmodified  Mg2Ni  has  a  larger  mass-transfer  resistance 
than  LaNi5. 

The  results  in  Fig.  14  clearly  show  that  an  addition  of 
aluminium  and  yttrium  in  Mg2Ni  decreases  the  value  of  a. 
This  is  probably  due  to  the  fact  that  the  substitution  of  yttrium 
for  nickel  in  Mg2Ni  alloy  causes  an  increase  in  the  lattice 
constant  (a,  c)  and  the  crystal  cell  volume  [13],  which  is 
beneficial  for  hydrogen  diffusion  in  the  alloys.  Furthermore, 
the  addition  of  aluminium  in  the  alloy  is  assumed  to  improve 
the  passivating  behaviour  of  the  Mg2Ni  alloy.  Thus,  the  for¬ 
mation  and  growth  of  the  oxide  film  is  limited,  and  the  hydro¬ 
gen  migration  resistance  through  this  passivating  layer  is 
reduced.  This  is  supported  by  the  Rs  data  and  the  modulus 
data  of  Mg,  9Aln  |Ni0  «>Y0 ,  (see  Figs.  8  and  9). 


4.  Conclusions 

The  discharge  behaviour  of  Mg2Ni-type  hydrogen  storage 
alloys  in  an  alkaline  solution  at  ambient  temperature  is  inves¬ 
tigated  and  compared  with  LaNis.  EIS  results  indicate  that 
the  very  low  discharge  capacity  and  sluggish  kinetics  of  the 
unmodified  Mg2Ni  electrode  in  alkaline  solution  are  caused 
by  the  presence  of  both  a  larger  charge-transfer  resistance 
and  a  mass-transfer  resistance.  The  formation  and  growth  of 
a  magnesium  oxide  and/or  hydroxide  layer  on  unmodified 
Mg2Ni  increase  the  electronic  resistance  at  the  electrode/ 
electrolyte  interface  and  result  in  a  large  discharging  over¬ 
potential.  The  additions  of  yttrium  and  aluminium  in  Mg2Ni 
considerably  reduce  the  hydrogen-diffusion  resistance  in  the 
alloy  and  the  charge-transfer  resistance  on  the  electrode/ 
electrolyte  interface.  As  a  result,  the  discharge  capacity  and 
rate-dischargeability  of  the  electrodes  are  remarkably 
improved. 
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